ABSTRACT High-resolution red (5300-7300 Â) spectra of the flare star AD Leonis were obtained with the Kitt Peak 4 m echelle spectrograph system at a spectral resolution of 0.22 Â at Ha. A series of time-trailed plates with 5 hours integration in total were averaged together to obtain a representation of the star's nonflaring spectrum with high signal-to-noise ratio. The He i A5876 triplet line and À6678 singlet line appear in emission with measured equivalent widths of 0.312 ± 0.016 Â and 0.058 ± 0.029 Â, respectively. The corresponding triplet-to-singlet line flux ratio is 3.7, close to the ratio of the level statistical weights. We argue that the He i lines are not produced by recombination and cascade following photoionization by À < 504 Â coronal photons, but are instead collisionally excited. We suggest that these lines are formed in a geometrically thin chromospheric layer at 20,000-50,000 K with a column density of n e l x 6 x 10 18 cm" 2 . The sodium D emission lines (À5890, A5896) are found to be stellar in origin, with measured FWHM of 0.7 Â for both lines, and the Ha line has a FWHM of 1.4 Â. No other chromospheric emission lines were found in this spectral region.
I. INTRODUCTION
The appearance of Ha in emission distinguishes dMe stars from the nonemission (dM) dwarf M stars. Joy and Abt (1974) have shown that the dMe and dM stars do not differ statistically in absolute magnitude, implying that the Ha emission is not a consequence of dMe stars being spectroscopic binaries. This result strongly implies that the dMe and dM stars have similar photospheric properties but differ in their outer layers, presumably analogs of the solar chromosphere. Since essentially all M dwarfs exhibit Ca n H and K line emission indicative of chromospheres, the difference between dMe and dM stars may be analogous to the difference between solar plages and quiet regions, which is a consequence of enhanced and closed magnetic field structures in solar plages.
* UV Ceti-type flare stars form a subgroup of the dMe stars which have been observed to flare; that is they exhibit transient brightenings on time scales of seconds to minutes. While the better known flare stars like UV Ceti, YZ CMi, and AD Leo have been observed to flare repeatedly, the majority of this subclass have been observed to flare only once (Kunkel 1973) . In an extended study of CM Dra, Lacy (1977) concluded that this star could have a flare rate as low as 0.02 per hour. It is possible, therefore, that all dMe stars would be identified as flare stars if observers had the time to monitor them sufficiently long.
The flare spectra of flare stars have been studied by Kunkel (1970) and Moffett and Bopp (1976) , among others, and reviewed by Gershberg (1975) . Typically the hydrogen Balmer lines, Ca n resonance and nearinfrared lines, and He i lines appear in emission. Also the continuum can be enhanced as much as 6 mag in the U band. X-ray emission has been detected from UV Ceti and YZ CMi (Heise et al 1975) and XUV emission detected from Proxima Centauri (Haisch et al. 1977) . Total X-ray luminosities may be as large as 8 x 10 30 ergs s" 1 . Lovell (1971) has detected radio fluxes as large as 10 24 Jy, and the total energy output of the brightest stellar flares has been estimated by AD LEONIS Kunkel (1970) to be 100 times that of the brightest solar class 3 + flares. BY Draconis is an extreme example of the tendency of flare stars to exhibit photometric variability in addition to flaring (Kunkel 1975) . This variable photometric behavior has been attributed to the probable presence of magnetic surface activity that is similar in character to such solar phenomena as sunspots and plages (Bopp and Evans 1973; Torres and Mello 1973; Vogt 1975; Fix and Spangler 1976) . Recent observations may have corroborated the predictions of Mullan (1974) of large magnetic fields in localized areas of the stellar surface (Bopp and Evans 1973; Mullan and Bell 1976; Koch and Pfeiffer 1976; Anderson, Hartmann, and Bopp 1976) .
Flare stars exhibit several characteristics of astrophysical importance. Their large mass-to-luminosity ratios, high flare activity, and large space density (Allen 1973) suggest that these stars could play an important role in galactic dynamics. Coleman and Worden (1976) have shown that mass loss from M dwarf stars arising from stellar winds and flaring could provide a substantial mass and energy input into the interstellar medium. In addition, flares on these stars may be producing many light-element isotopes such as deuterium and lithium through spallation. The similarity between solar activity and M dwarf star activity suggests that these stars can be used as tests for theoretical models describing observed solar/stellar surface phenomena (Mullan 1975) .
In this paper we examine the quiescent (timeaveraged) spectrum obtained for the flare star AD Leonis (dM3.5e) in the spectral region 5300-7300 Â at a resolution of approximately 0.25 Â. During their quiescent phase, flare stars exhibit spectra in no way distinguishable from ordinary dMe stars. We present a high signal-to-noise composite spectrum built up during 5 hours of integration, in order to search for emission lines diagnostic of quiescent chromospheric and coronal conditions. This spectrum is very likely the most deeply exposed high-resolution spectrum of a flare or dMe star in existence.
II. OBSERVATIONS High-resolution, time-resolved spectra of AD Leonis were obtained with the Kitt Peak National Observatory echelle spectrograph and Singer image tube camera on the Mayall 4 m telescope. The star was observed from 3:09.1 UT to 9:58.5 UT on 1977 March 30. These spectra are of 5.7 Â mm -1 dispersion with a spectral resolution of 0.22 Â at Ha. The exposures were on baked IIIa-J emulsion, using a helium-argon-neon comparison source. Since we were interested in recording flare events, each of the 11 plates was exposed in a single trail with a time resolution of approximately 2 minutes. The stellar image was stepped along the slit at a rate controlled by an exposure meter. On average the star was stepped one-half of a seeing disk once every minute, taking approximately 30 minutes to traverse the 3000/¿m length of the slit. Hence for each plate this procedure 145 yielded the spectrum of the star as a function of time with the time axis perpendicular to the dispersion. Both the spectral and spot sensitometer plates were digitized with the Kitt Peak PDS microdensitometer with an aperture size of 40 /¿m and 20 /¿m steps, providing an effective spectral resolution of 0.25 Â at Ha.
We removed the so-called S distortion inherent in the image-tube/echelle spectrograph configurations in the following manner. We scanned each order along reference lines perpendicular to the dispersion direction. These perpendicular cuts were then crosscorrelated to determine the shift perpendicular to the dispersion as a function of position along the order. We then used this information to straighten out the orders. After the S distortion was removed, the data were converted to intensities using the spot sensitometer plates and the background was removed. We then added together nine plates (taken between 4:01.3 UT and 9:58.5 UT) and collapsed the data perpendicular to the dispersion to obtain one spectrum for each order.
Two of these plates recorded flares. However, these events have a negligible effect on the resulting average spectrum since they were small ( < 50% increase even in emission lines) and their duration in short (< 5 min) compared to the 5 hour period over which the average spectrum was acquired. The average spectrum is thus an accurate representation of the quiescent (nonflaring) stellar spectrum, and is the equivalent of a well-exposed spectrum trailed for 0.88 mm. The AD Leo flare spectrum will be discussed in the next paper of this series.
HI. DISCUSSION
We searched the data for emission lines at the wavelengths of the potential chromospheric lines listed in Table 1 . Of these lines, we identified the He i triplet and singlet lines, À5876 and À6678, in emission, and their line profiles are shown in Figure 1 . The He i À7065 line may also be present, but severe lineblending due to a nearby absorption feature makes this line's identification quite uncertain. The Ha line (Fig. 2) shows a weak central reversal as is commonly seen in dMe and flare stars (Worden and Peterson 1976) .
We identified the Na D resonance lines, AÀ5890, 5896, in emission. These lines have been observed in several dMe stars by Worden and Peterson (1976) , but they could not determine whether these lines are stellar in origin or night-sky lines. However, in our quiescent spectrum the measured FWHM of the emission cores of Na D lines is considerably larger than that of both the instrumental resolution and the Na D night-sky lines. Bricard and Kastler (1949) place a FWHM upper limit on the Na D twilight lines of 0.03 Â, compared to our measured FWHM of 0.7 Â for each line. By comparison, the O i night-sky emission lines have a measured FWHM (see Table 1 ) close to the instrumental resolution.
We obtained a trailed spectrum of AD Leo taken over the city of Tucson through clouds on UT 1977 March 29 with an exposure time of 30 minutes. Since the Na D line emission in this spectrum varies in proportion to the stellar continuum, we conclude that the Na D lines observed on 1977 March 30 are not substantially affected by scattered city lights and that the observed Na D emission is stellar in origin. These lines (see Fig. 3 ) are potentially valuable input to chromospheric models, but they lie at the edge of an echelle order and are underexposed and difficult to calibrate. Consequently, we did not attempt to construct chromospheric models on the basis of these lines.
Listed in Table 2 are the measured equivalent widths of the observed He i triplet and singlet emission lines. Also listed are the adjacent continuum and line surface fluxes. To obtain equivalent widths for these lines, we approximated the continuum in the neighborhood of the lines by least squares linear segments. The tabulated uncertainties in the equivalent widths of the He i lines are given by ± al^/N, where N is the number of points in the line profile and a is the rms scatter of these points about a smooth emission profile. The continuum and line surface fluxes given in Table 2 were calculated from a distance d = 4.85 pc and an absolute bolometric magnitude M hol -+ 8.8 (Kunkel 1975) , along with an assumed effective This procedure yielded a value of 3.7 for the He i triplet-to-singlet line flux ratio (3.2 for the line photon ratio), which is similar to the ratio of the triplet-tosinglet level statistical weights (3.0).
In the nonflaring Sun the /(5876)//(6678) intensity ratio is observed to lie between high values, typically 45, seen in quiescent prominences at the limb, and low values ~3.3 seen in active prominences (TandbergHanssen 1974). There are three competing mechanisms which populate the 3 3 D and 3 1 D upper states of the A5876 and A6678 lines: (1) recombination to excited states of He i and cascade following photoionization of ground state He I by A < 504 Á photons, (2) collisional excitation from the He i ground state, and (3) excitation of the singlets only by the resonance line series. Detailed calculations, including opacity effects in the He i continuum and resonance lines, the He i/ He n/He m ionization equilibria, and the coronal XUV radiation field, are necessary in order to infer properties of the chromosphere from the /(5876)//(6678) ratio and line intensities.
Avrett, Vernazza, and have shown that in the quiet Sun the He i/He n ionization equilibrium is controlled by photoionizations by A < 504 Â photons, primarily due to He n A304 and coronal lines, and radiative recombination. The importance of XUV radiation in photoionizing He i was first postulated by Goldberg (1939) and later applied by Hirayama (1963 Hirayama ( , 1964 Hirayama ( , 1971 to account for the He I emission lines from quiescent prominences.
In their detailed excitation-ionization calculations for He i in quiescent prominences, Heasley, Mihalas, and Poland (1974) have shown that 7(5876)//(6678) # 45 is a natural consequence of slab geometries with T e = 6000-8000 K, «h = 10 10 -10 12 cm" 3 , and A584 line optical depths 10 4 -10 5 . The reason for this large ratio is that the penetration distance of the He i resonance lines from the chromosphere, which populate the singlet levels, is far less than the penetration distance of A < 504 Â photons, which preferentially populate the triplets. They show that an increase in temperature above 8000 K reduces the /(5876)//(6678) ratio, independent of density, as 39 photons s -1 at À < 504 Â. The À6678 line yields essentially the same result.
We can now ask whether the nondetection of X-rays from dMe stars and flare stars outside of flares is consistent with formation of the À5876 and A6678 lines by recombination. There are as yet no tabulated values for the continuum and line flux from a cosmic mixture of elements as a function of temperature which cover the full range of wavelengths 50 Â < A < 504 Â that are important in photoionizing He i. The most relevant tables are those of Kato (1976) which extend only to 250 Â. In the Sun, the important contributors to the A < 504 Â flux are thermal bremsstrahlung, coronal emission lines (due to such species as Fe xv, Fe xvi, Mg ix, and Fe xii), and He n A304. Since the photoionization cross section for He i oc ~(A/504) 1 -65 (Samson 1964) , the He n A304 line is 0.55 times as important as the coronal lines (cf. Chapman and Neupert 1974; Dupree et al. 1973 ) in photoionizing He I. At 10 6 K and for the 200-250 Â interval, Kato (1976) finds that line radiation is about twice as important as bremsstrahlung. We assume that this ratio persists to longer wavelengths. Following Haisch et al. (1977) , we therefore adopt the following relation for the number of X-ray photons as a function of temperature T, and emission measure J n e 2 dV:
Wx-ray = 4.65 x 2.65 X l0-27 r-1/2 J n e z dV /»504Á i X -±-e -hclMT dX (2) JiA hc\
The multiplicative factor 4.65 approximately includes the contributions of coronal lines and He n A304. Using this equation, we can derive emission measures from Nx-r&y = 4 x 10 39 s -;L and various assumed coronal temperatures.
Coronal temperatures are not well known for dMe stars. Kahn (1969) has estimated several million degrees based on radio flare observations. However, Mullan (1976) pointed out that this derivation is very sensitive to the choice of turbulent velocities in the convective layers. Based on a "minimum flux" model and assuming that the efficiency of converting thermal energy to mechanical wave energy in the stellar photosphere is the same as for the Sun, Mullan derived a coronal temperature of ~5 x 10 5 K. We have consequently solved equation (1) for three assumed temperatures: 5 x 10 5 K, 2 x 10 6 K, and 7 x 10 6 K. The derived emission measures are given in Table 3 .
The total X-ray luminosity L x may then be derived from
where -is 2 ) is defined as the total radiated power in the energy interval £±-£2. The quantity in brackets has been tabulated as a function of temperature for optically thin gases of cosmic abundances by Raymond, Cox, and Smith (1976) . The derived X-ray luminosities are tabulated in Table 3 . These values are unrealistically large, varying from 0.04 to 0.14 of the total stellar luminosity (L bo i = vT^irr* 2 ). Moreover, they exceed by factors of 0.4-1.5 the estimated L x emitted during a large flare on UV Ceti (cf. Haisch et al. 1977) . If dMe coronae indeed emit this much X-ray luminosity outside of flares, then a great many Raymond, Cox, and Smith 1976. No. 1, 1978 AD LEONIS 149 of these objects would already have been observed as bright X-ray sources. We must conclude that, unlike the Sun, XUV excitation of the À5876 and A6678 lines in dMe stars is not an important excitation process. The fact that He n lines and other high-excitation chromospheric lines are not present in our spectrum down to a very low threshold tends to confirm this result.
We conclude from these results that the observed subordinate He i emission lines are excited by collisional excitation from the ground state in chromospheric layers hotter than 8000 K. Given this result, we can ask whether the emitting region is geometrically thin or extended compared to the stellar radius. There are no recent calculations of the He i subordinate line intensities for the case of simple collisional excitation in chromospheric layers. The most relevant calculations are those of Athay (1965) for an assumed planeparallel solar chromosphere model with = 2 x 10 10 cm -3 , a scale height of 10 8 cm, and a helium-tohydrogen ratio of 0.10. For this model Athay computes a À6678 surface flux of 4 x 10 3 ergs cm -2 s _1 , independent of assumed temperature over the range 20,000-50,000 K. While this calculation is approximate due to the small number of levels included and deletion of photoionization terms in the helium ionization equilibria, it suggests a column density n e l = 6 x 10 18 cm -2 for the He i emitting region in AD Leo. If n e = 10 10 -10 12 cm -3 , then the emitting layer is 60,000-6000 km thick and thus thin compared to the stellar radius.
IV. CONCLUSIONS
Our deeply exposed red quiescent spectrum of AD Leo shows the Ha, He i A5876 and A6678, and Na i A5890 and A5896 lines in emission. The latter two lines are definitely stellar and not night-sky lines. The He i triplet-to-singlet line flux ratio is 3.7, similar to active prominences in the Sun and the ratio of triplet-tosinglet level statistical weights, but very much smaller than the ratio in solar quiescent prominences. We argue on the basis of the nondetection of X-rays from quiescent flare and dMe stars that the He i subordinate lines are not excited by recombination and cascade following photoionization of neutral helium by A < 504 Â photons. Instead, the A5876 and A6678 lines are probably excited by collisions from the ground state in the hotter (T > 800 K) regions of the stellar chromosphere. Approximate calculations suggest a chromospheric column density 7z e / ae 6 x 10 18 cm -2 at T = 20,000-50,000 K for the He i emitting layers. lîn e = 10 10 -10 12 cm -3 , then this layer is geometrically thin compared to the stellar radius.
It is now feasible to expand our understanding of the outer atmospheres of flare and dMe stars through several complementary approaches. Computation of detailed models for the lower chromospheres of these stars are under way based on calibrated Ca n H and K line flux profiles (Worden, Linsky, and McClintock 1978) . Estimates of parameters for the hotter regions of these chromospheres and presumed analogs of the solar transition region should now be feasible with the successful launch of IUE, HE AO A, and HE AO B which may yield X-ray observations suitable for the determination of coronal properties. It should be clear from this paper that detailed transfer calculations for multilevel neutral helium in a range of chromospheric models are needed to infer properties of the hotter regions of flare and dMe star chromospheres.
Important needed ground-based observations of flare and dMe stars include high-resolution studies of the blue spectral region, where the appearance of additional chromospheric emission lines is more likely due to the faint photospheric spectrum against which these lines can be measured. Also, time variations in chromospheric line fluxes due to rotational modulation of stellar plage regions and star spots, flares, and secular changes not associated with these phenomena are better studied from the ground. For stars of known rotational periods, variability time scales may reveal the spatial extent of the emitting regions.
